forest plantations or descriptions of novel taxa. The few research and field observations relating the microbiota to ecosystem-level processes in tropical forests have often been of a preliminary nature, and studies of how microbial diversity per se affects ecosystem functioning are practically nonexistent. Although we have tried to limit our discussion to examples from tropical forests, we have been forced at times to use examples of important processes mediated by fungi that have been studied only in temperate forests. The extrapolation of data from temperate to tropical forests may not always be valid, and research will be needed to fill this gap in our understanding of how tropical forests work.
Fungi and bacteria, apart from those causing diseases in humans, their domesticates, and crop plants, are more poorly known than are insects, The numbers of microbial species can be estimated only by extrapolation, but confidence increases where independent approaches yield comparable results. There is a growing consensus that there are between 1 and 1.5 million species of fungi on Earth (Hawksworth 1991 (Hawksworth , 1993 Hammond 1992; Rossman 1994) , and perhaps as many as 3 million bacteria, most of which are as yet unculturable (Trüper 1992) . Even though such large figures for the bacteria correctly meet with some skepticism, two conclusions appear inescapable: (1) that at least 90 to 95% of the Earth's microbiota has yet to be described; and (2) the microbial biota constitutes at least 15% of all species on Earth, compared with less than 3 and 0.5% for plants and vertebrates, respectively (Hammond 1992) . Further, little is known of the biology, genetics, ecology, host range, biochemistry, and distribution of perhaps 40% of the 72 000 fungi currently named (Hanksworth et al, 1995) .
Food Chains
In tropical forests all microorganisms and invertebrates depend to some extent on the microbiota (Table 5 .1). For example, various bacteria and fungi are involved at six points in the web supporting termites, and are critical to their survival (Price 1988), Wood-and leaf-eating insects require gut microbes to digest the lignin and cellulose in these materials, utilizing fungal enzymes in particular (Martin 1991) . Fungi may be an especially important food base for some invertebrates in tropical forests, because fungal nutrient concentrations as well as fungal biomass production are relatively high (Lodge 1987b (Lodge , 1993 . In a lowland rainforest in Sulawesi, of 1250 beetle species caught in a 44-week trapping period, about 40% fed directly on fungal fruit bodies or fungal mycelium in wood (Hammond 1990) , Lichens serve directly as food or camouflage for a wide variety of invertebrates, and also some vertebrates in the tropics (Seaward 1988) . Maintenance of fungal (including lichen) populations is thus of major importance to the conservation of a significant proportion of the insects in tropical forests. The degree to which a loss in microbial diversity from the food web of a tropical forest would affect ecosystem processes may depend on whether the microbivorous animal species or guild plays a keystone function, and the specificity of the animal-microbe interactions. Specificity is more common among symbiotic relationships, such as in fungus-gardening ants and termites (Collins et al. 1983; Wood and Thomas 1989; Cherrett et al. 1989; Giavelli and Bodini 1990) , termite gut microbiota, and some of the wood-boring beetles that cultivate fungi in their galleries (Wheeler and B1ackweIl 1984) . Anderson and Swift (1983) found that differences in decomposition rates between study sites was influenced significantly by the presence of termites. Non-symbiotic invertebrates involved in the detrital food web can have distinct feeding preferences for certain fungi or litter colonized by them, while leaving other distasteful or toxic species entirely untouched. Such preferences among invertebrates have been found to influence the rates of decomposition and nitrogen mineralization from leaf litter in temperate forests (Newell 1984) and streams (Arsuffi and Suberkropp 1984) .
Pathogens

Control of Herbivores by Pathogens
The rates of defoliation by herbivorous insects and the losses of plant photosynthates to sucking insects in tropical forests are moderated by insect pathogens and parasitoid insects (Barbosa et al, 1991; Table 5 .1), Agrochemical companies search tropical forests for entomopathogens because of the high species richness (Martin and Travers 1989; Jun et al. 1991) . According to Hywel-Jones (1993) , there are at least 1.5 to 13.5 million undescribed fungi that infect insects. Most parasitic fungi are hostspecific, so a loss in their diversity could result in greater defoliation. Bacterial pathogens are also important in controlling infestations of caterpillars and other insects in tropical forests (Martin and Travers 1989).
Pathogens as a Source of Disturbance
Pathogens have the capacity to exert dramatic effects on the flora and fauna, and to convert forests to other vegetation types (Haldane 1927; Weste 1986 Castello et al. 1995 . Such conversions to a different forest community or vegetation type are expected to have effects on ecosystem processes similar to conversions resulting from anthropogenic disturbances. Phenomena of this severity have only rarely been witnessed in undisturbed, natural tropical forests, which, because of their typically Microbial Diversity and Tropical Forest Functioning 75 diverse mix of tree species, may be somewhat less vulnerable to single pathogens than temperate ones with a few dominant tree species. The devastation wrought by native Armillaria, Fomes, and Ganoderma species in tropical tea, rubber, and cacao plantations (Leach 1939; Anon. 1946; Rishbeth 1955 Rishbeth , 1980 Pichel 1956; Fox 1970) point to the potential for epidemics to occur in natural forests if their species diversity were drastically reduced. Some natural tropical forests, however, are dominated by one or a few tree species or genera, and may be particularly susceptible to largescale disturbances caused by pathogens. For example, oil palm forests (Elaeis guineensis) in Malaysia and Indonesia have enlarging gaps associated with the spread of Ganoderma root-rot fungi (Turner 1991) . Mortality caused by Phellinus noxius similarly spreads through forests where the density of Araucaria cunninghamii (Queensland hoop pine) in Australia is high enough to permit root-to-root contacts (Bolland 1984) .
Anthropogenic disturbances such as partial cutting can increase the incidence and severity of diseases that promote forest gap formation in tropical as well as in temperate forests (Castello et al. 1995) . For example, Armillaria luteobubalina is pathogenic on many canopy Eucalyptus and understory species in Western Australia (Kile 1981); selective cutting has greatly increased the incidence and mortality from this disease by leaving trees in close proximity to inoculum bases of the freshly cut stumps (Edgar et al. 1976; Kellas et al. 1987; Castello et al. 1995) . Pathogenic Armillaria species become more aggressive by producing toxins that kill healthy trees if given access to a large food base, such as a cut stump (Leach 1939; Redfern 1975; Cook 1977) , Similarly, logging, in combination with stress from wildfires and high rainfall, has increased the severity of Phytophthora cinnamomi root rot in eastern Victoria, Australia (Fagg et al. 1986; Castello et al. 1995) . Logging favors this disease by increasing soil temperatures and increasing soil moisture via reduced transpiration (Weste and Marks 1987) . As a result, the proportions of resistant and susceptible tree species have changed, some rare species are endangered, overall tree density in diseased sites decreased by 43% over 10 years whereas density increased by 10% in pathogen-free sites over the same period, and forest structure changed from an open canopy with a sclerophyllous understory to a forest with large gaps dominated by sedges, grasses, and leguminous plants (Weste 1986) . In South Queensland, Australia, soil bacteria that normally supress P. cinnamomi in the rain forest are lost following severe human disturbances because they grow poorly at the low soil pH that results from increased leaching of cations (Baker and Cook 1974; Broadbent and Baker 1974) .
Effect of Pathogens on Patterns of Tree Dispersion
Extreme clumping of tree species may alter nutrient mineralization from litter and nutrient retention of soils, so the effect of pathogens in reducing clumping can be significant for ecosystem processes, In Costa Rica, Ewel et al. (1991) found lower total nitrogen content, phosphorus sorption capacity, and extractable calcium and other base cations in soils in monoculture and low diversity plots versus plots with high diversity. In temperate forests, leaf litter mixtures often have significantly faster rates of nitrogen mineralization than pure decomposition bags of the component species owing to differences in the decomposer communities (Ineson et al. 1982; Blair et al. 1990) . Similarly, Burghouts et al. (1994) found lower rates of leaf litter decomposition in dipterocarp assemblages where species richness had been reduced by logging as compared to assemblages with greater species richness in Malaysia. Nutrient retention by ecosystems has been found to increase with plant species diversity in the range of one to ten species, and especially with diversity of functional groups that have different litter C/N ratios, but diversity of rooting patterns may also be involved (Hooper and Vitousek 1992; Vitousek and Hooper 1993) .
Certain tropical tree species are known to change nutrient cycling characteristics beneath their canopies. For example, soils beneath nitrogenfixing trees have lower pH values as a result of increased microbial denitrification (e.g., Pentaclethra macroloba in Costa Rica; Parker 1994). Clumping of such trees could have a disproportionate influence on the fate of nutrients in the ecosystem because of nonlinear responses to increased nutrient concentrations (Lodge et al. 1994) . Janzen (1970) and Connell (1971) independently proposed that escape from natural enemies that cause a disproportionately high mortality close to adult trees could explain the high species diversity (on a per area basis) in tropical forests. Lowland tropical rain forests in western Amazonia and Borneo (Gentry 1988a) can have more than 300 tree species with > 10 cm dbh in a single hectare, and the evenness of tree species abundances is also high in such forests (Gentry 1988a; Wright, Chap. 2, this Vol.) , Clark and Clark (1984) found density-dependent mortality of Dipteryx panamensis seedings in lowland Costa Rica that was consistent with the Jansen-Connell escape hypothesis, and could not be explained by self-thinning or inhibition by nonspecific adults. Furthermore, Clark and Clark (1984) found that a preponderance of studies on woody plants had results that were consistent with density-or distance-dependent mortality in both wet and dry tropical forests, though the mechanism could not be identified in most cases A few studies have shown the importance of fungal pathogens in determining tropical tree dispersion patterns through their effects on seed germination, and seedling and sapling survival. Burden and Chilvers (1982) found evidence of density dependence in 39 of the 69 studies of fungal dis-eases they reviewed (Table 5 .1). Five of the nine seed studies reviewed by Clark and Clark (1984) were consistent with density-or distance-dependent mortality from pathogens and seed predators. Augspurger (1983) found that higher proportions of Platypodium elegans seedlings in Panama survive damping-off caused by nonspecific fungal pathogens at distances further away from the parent plants. Seedlings of Theobroma and Herrania spp. in the Amazon and Orinoco basins of South America are sometimes clumped together in forest gaps because they grow more rapidly in full sun, but because unshaded saplings with rapidly growing meristems are killed by the Witches' Broom fungus, only scattered trees in the forest understory are usually recruited into the adult population (H. C. Evans, in Lodge and Cantrell 1995) . Gilbert et al. (1994) found that the incidence of a fungal canker disease on Ocotea whitei on Barro Colorado Island, Panama, was host-density dependent, resulting in a net spatial shift of the juvenile population away from nonspecific adults. These and other diseases may affect nutrient cycling in tropical forests by reducing clumping of their hosts.
Microbial Contributions to Global Biogeochemistry
Microorganisms have had a tremendous influence on the availability of nutrients in soil through their weathering of rocks, and on the composition of the Earth's atmosphere, especially the increases in greenhouse gases such as carbon dioxide, nitrous oxide, and methane. Nitrous oxide contributes to destruction of the Earth's ozone layer, in addition to its role as a greenhouse gas. Although the roles of microorganisms in production of greenhouse gases are global and not specific to tropical forests, it is appropriate to draw attention to fluxes that have tropical foci.
The consequences of a reduction in microbial diversity on the fluxes of greenhouse gases is unknown. There are apparently few species of methane oxidizing and autotrophic denitrifying bacteria (Payne 1973; Frobisher et al. 1974) , so the processes they mediate could be susceptible to perturbations that reduce diversity. The mechanisms and roles of specific microorganisms in the decomposition of soil organic matter is largely unknown (Jorgensen et al. 1990 ).
Atmospheric CO 2
Microbial decomposition of soil organic matter (SOM) in the tropics can be a significant source of global CO 2 . A flux of 1.6 Pg yr -1 was recorded from low latitude forests for 1987 -90 (Dixon et al. 1994 . Organic matter contents in temperate and tropical soils are comparable (Sanchez et al. 1982) , and tropical forests represent 27% of the global soil carbon pools (Dixon et al. 1994 ). The organic-matter contents of tropical soils that have been converted to agriculture generally decline within a few years to 30 to 64% of the initial content under natural vegetation (Young 1976) ; declines in SOM did not occur with conversion of forest to pasture in Brazil (Bonde et al. 1992) . Thus conversion of large tracts of tropical forest to agriculture can cause a shortterm increase in the global flux of CO 2 . Bonde et al. (1992) studied the decomposition of SOM following the conversion of Brazilian Amazonian forest to sugarcane. During 12 years of cultivation, 83 and 93% of the carbon derived from forest that was associated with silt and sand fractions had decomposed, whereas only 40% that was associated with clay had decomposed. These data suggest that silty and sandy tropical soils are especially susceptible to losses of soil organic carbon following deforestation.
Methane
The amount of methane released globally into the atmosphere from natural wetlands on an annual basis is 110 Tg (Bartlett and Harriss 1993; Mathews and Fung 1987) , primarily from the activity of methanogenic bacteria ( Fig. 5.1A ; Table 5 .1). Sixty percent of the total global natural methane emission is from tropical wetlands (Bartlett and Harriss 1993). In the tropics, 28-31 Tg ( 25-28% of the total natural) is emitted from forested wetlands, while about 36 Tg ( 33% of the total natural) is emitted from nonforested wetlands (Bartlett and Harriss 1993). The total global flux of methane from all sources including anthropogenic and geochemical is about 400-500 Tg per year. Thus, methane emissions from all types of tropical wetlands constitute 13-17% and forested tropical wetlands contribute 6-8% , of the total global methane emissions. Although the intestinal microbiota in termites contribute to methane emissions from tropical forests outside wetlands, the soils in these well-drained sites are often net sinks for methane, and may thus largely offset methane emissions from termites (Seiler et al. 1984) . Conversion of upland forest to agriculture, however, could disturb microbial consumers of methane and reduce the effectiveness of these methane sinks.
Nitrous Oxide
The total flux of nitrogen as nitrous oxide into the atmosphere is 14 Tg on an annual basis (Prinn et al. 1990 ). Moist and wet tropical forests emit about 3 Tg of nitrous oxide-N annually (Figure 5.lB; Matson and Vitousek 1990) . Microbial denitrification is primarily responsible for the terrestrial losses of nitrogen through nitrous oxide emissions, but vitrification also contributes an unknown portion. Early succession after clearing of tropical wet forests often results in a pulse of denitrification, followed by a decline during midsuccession because of competition for nitrate (Robertson and Tiedje 1988) . 
Rock Weathering
Often the most important source of certain mineral nutrients that are necessary for plant growth, such as potassium, calcium, and magnesium, is from weathering of rocks. The various processes involved in microbial transformation of rocks and soil formation have been studied mainly in temperate zones, but there is no reason to suspect that rocks in the tropics are affected differently (Table 5 .1). Many lichenized fungi grow on (epilithic) and in (endolithic) rock and degrade the substrate both by mechanical action of hyphae that penetrate the first few millimeters of the surface, and by chemical action (especially the conversion of silicates to oxalates; Jones and Wilson 1985) . Algae develop on porous stone that is warm and damp. Griffin et al. (1991) suggested that algae degrade stone by both mechanical and chemical means. Algal communities on stone are often embedded in surface slimy mats together with heterotrophic bacteria which breakdown trapped organic matter, and which undergo considerable volume changes through repeated wetting/drying cycles. This has the effect of loosening the stone particles (Ortega-Calvo et al. 1991) . Among fungi, Mucorales, ascomycetes, and hyphomycetes are the main groups that decay rock by mechanical and chemical means. Fungi in association with bacteria are widespread on deteriorating stone, and their hyphae are able to penetrate deeply (Lepidi and Schippa 1973) .
Three different groups of bacteria have been associated with rock decay; autotrophic sulfur-oxidizing, nitrifying, and heterotrophic (Hueck van der Plas 1968; Table 5 .1), Phototrophic cyanobacteria have also been implicated (Ortega-Calvo et al. 1991) . Sulfur bacteria are chemolithotrophs; their energy is generated from the metabolism of reduced inorganic sulfur compounds (sulfide, thiosulfate, and elemental sulfur) to sulfate which, as sulfuric acid, can cause severe damage to mineral materials. Vitrifying bacteria, also chemolithotrophs, oxidize inorganic nitrogen compounds for energy and generate acidic end products. Heterotrophs are thought to play an important role in the weathering of rocks and minerals during soil formation and its subsequent fertility (Berthelin 1983).
Nutrient Cycling
Litter Decomposition and Soil Fertility
The rate of decomposition of organic matter influences the rate at which nutrients, especially nitrogen and phosphorus, are mineralized and potentially become available for plant growth. The turnover time for fine litterfall is usually shorter in lowland tropical as opposed to temperate forests, but there is considerable overlap in rates of decomposition between the slowest decomposing tropical leaf species and the fastest decomposing temperate leaf species (Burgess 1960; Olsen 1963; Anderson and Swift 1983) , Differences in rates of decomposition are thought to be related to the nature of the decomposer community, the characteristics of the organic matter (i.e., resource quality), and the physical and chemical environment (Swift et al. 1979; Anderson and Swift 1983) . Although these factors may interact, and their relative importance can vary between wood, leaves, and fruits, they are thought to have the following general hierarchial structure in the way they influence each other: microclimate > microclimate > resource quality > organisms. Anderson and Swift (1983) surmised that variations in the composition of the "microflora" (i.e., fungi and bacteria) were generally not important in determining litter decay rates because there are many species of fungi and bacteria that decompose litter and that various combinations of microbes were likely to have the same fictional capacity (Table 5 .1), For example, Bills and Polishook (1994) cultured 81-125 species of microfungi from each of their small samples (about 0.25 m 2 ) of rain forest leaf litter in Costa Rica. Although 200 species of microfungi were cultured in that study, the fungal community was greatly undersampled (Bills and Polishook 1994; Lodge 1985) . Cornejo et al. (1994) cultured 500 species of microfungi from the leaf litter of six tree species in seasonally dry forest in Panama. Anderson and Swift (1983) may be correct in assuming that the microbiota is relatively unimportant in determining the rates of litter decomposition, but a few temperate studies suggest otherwise, and relevant data from the tropics are scarce. AS discussed earlier, preferences among invertebrates for feeding on certain decompose fungi have been found to influence the rates of decomposition and nitrogen mineralization from leaf litter in temperate forests (Newell 1984) and streams (Arsuffi and Suberkropp 1984) . Disturbances in tropical forests have been found to affect fungal communities and fungivorous invertebrates (Lodge and Cantrell 1995) . Although leaf litter in Panama had a high diversity and a low dominance of microfungi (Cornejo et al. 1994) , microfungal species had preferences for leaves of certain tree species and their responses to increased moisture were individualistic. The loss of microfungi that are host-specific would probably not affect the rates of litter decomposition, but some of these fungi are endophytic and colonize leaves before they fall (Bills and Polishook 1994; Cornejo et al. 1994) , and they may be important in immobilizing nutrients and slowing leaching losses from freshly fallen litter.
Certain macrobasidiomycete species are potentially more important in determining the rates of decomposition and nutrient mineralization, and they may be more vulnerable to disturbances than microfungi. Basidiomycetes can be very abundant in the litter layer (Hedger 1985; Lodge and Asbury 1988) and species that have superficial or interstitial mycelium are especially sensitive to moisture stress. Canopy openings (Hedger 1985; Lodge and Cantrell 1995) and salt stress from fertilization (D.J. Lodge, S. Cantrell, and O.O. Molina-Gomez, unpubl. data) have caused changes in litter basidiomycete community composition and reductions in species richness. The loss of basidiomycete fungi with superficial or interstitial mycelia from the litter layer following disruption of the canopy by Hurricane Hugo is thought to have contributed to the subsequent decline in fungivorous snails in Puerto Rico (Willig and Camilo 1991). It is not known if nutrient cycling was affected by this loss, but a dominant species in this guild, Collybia johnstonii, was severely affected (Lodge and Cantrell 1995) and was known to be important in translocating nutrients in the litter layer (Lodge 1993) and in slowing losses of nutrients from the ecosystem by reducing erosion (Lodge and Asbury 1988). Basidiomycete fungi that translocate limiting nutrients from decomposed to fresh resources are thought to accelerate the decomposition of low quality substrates such as wood (Boddy 1993) and some tropical leaf litter (Lodge 1993; Lodge et al. 1994 ). In addition, decomposer fungi that translocate nutrients in litter can influence the fate of nutrients in the ecosystem by accentuating pulsed nutrient releases (Lodge et al. 1994) . Yang and Insam (1991) observed that about 75% of the soil microbial biomass in Hainan Island, China, was bacterial, but fungi dominate soil microbial biomass in other tropical sites such as in Puerto Rico. Various studies indicate the importance of microbial biomass in nutrient retention and regulation of nutrient availability in tropical forest ecosystems (review by Lodge 1993), but there are no studies relating soil microbial diversity to these ecosystem processes. Drying/rewetting cycles can accelerate the replenishment of the available soil nitrogen pool from microbial, recalcitrant, or physically protected nitrogen pools (Cabrera 1993), Fluctuations in moisture cause periodic crashes in populations of the soil microbial biomass, inducing pulses of nutrient release (Raghubanshi et al. 1990; Srivastava 1992; Davidson et al. 1993; Lodge 1993) . These cycles in soil nutrient availability and moisture may increase the uptake of limiting nutrients by plants when pulses are synchronized with plant uptake, whereas asynchrony can lead to large losses of nutrients from the ecosystem or the biologically available pools (Lodge 1993; Lodge et al. 1994 ).
Global climate change may influence the rates of nutrient mineralization and the fates of those nutrients in tropical forests in part because it is expected to alter the frequency and intensity of rainfall at tropical lattitudes.
Symbiotic Nitrogen Fixation Associated with Plant Roots
Ninety million tons of nitrogen are made available to the biota globally on an annual basis by nitrogen-fixing microorganisms, primarily those associated with plant roots (Curtis 1975; Table 5 .1). Nitrogen-fixing Rhizobium bacteria in nodules on the roots of leguminous forest trees are an important means of maintaining such plants in nutrient-poor tropical soils (Sprent and Sprent 1990) . Edmisten (1970) estimated that root nodules contributed 0.27 kg N ha -1 yr -1 to native subtropical wet forest in Puerto Rico. Symbiotic nitrogen fixation in other tropical forests that are dominated by leguminous trees is probably much greater, such as in some forests in parts of Africa and South America. A few tropical trees such as Casuarina in Australia (Torrey 1982) and Alnus in the Central and South American Andes form mutualistic root associations with actinomycete bacteria, known as actinorrhizae. The importance of actinorrhizae has been demonstrated in temperate and subtropical areas (Rose and Trappe 1980; Rose and Youngberg 1981; Esteban et al. 1987; Schmitz et al, 1990; Vitousek 1990) , but there are few such studies in tropical forests. A notable exception is the study by Vitousek and Walker (1989) that documented alterations in forest ecosystem processes which resulted from increased nitrogen availability following the introduction to Hawaii of the invasive actinorrhizal species Myrica faya.
A loss of diversity of Rhizobium species and strains could severely limit the input of biologically available nitrogen, especially in tropical forests that have many leguminous tree species in the Mimosaceae and Papilionaceae (the majority of Caesalpinaceae do not form nodules). Inappropriate combinations of host species or genotypes with Rhizobium species or serotypes often result in lack of inoculation or an inability of nodules that are formed to fix nitrogen, An insufficiency of appropriate Nfixing bacteria is likely to occur during recolonization of a disturbed area because the bacteria are not disseminated with the seeds of their host. In contrast, the addition of a single nitrogen-fixing actinomycete species and its host to an area where N-fixing symbioses were absent in the native flora has caused a massive disruption of the forest and its ecosystem processes in Hawaii.
Effects of Microbial Epiphylls and Epiphytes on Nutrient Fluxes
Dense mats or mosaics on the leaves of evergreen forest trees, consisting of sooty molds, melioline and asterine fungi, filamentous algae, and foliicolous lichenized fungi are especially abundant in cloud forests and forest understories, and can affect cloud capture, the quantity and nutrient content in throughfall, and net photosynthesis, Together with other foliicolous and caulicolous epiphytes, epiphytic lichens and microbial growths enhance capture of cloud water and slow the flow of water through the canopy (Weaver 1972; Knops et al. 1992) , Data on the effects of epiphytic lichens on the quantity and quality of throughfall are not yet available from the tropics, The removal of epiphytic lichens from an oak woodland in coastal California, however, decreased canopy interception of rainfall by half (Knops et al. 1992 ). In addition, lichens were found to augment the fluxes of NO 3 ., organic-N, Ca 2+ , Mg 2+ , Na + , and Cl -in throughfall (Knops et al. 1992) .
Macrolichens are particularly conspicuous in montane tropical forests, and include species in groups known to be indicators of forest disturbance in temperate forests (Rose 1992). Field observations in Australia, Mexico, Trinidad and Tobago (D. L. Hawksworth, unpubl. data), and Thailand (Wolseley and Aguirre-Hudson 1991) indicate that the same phenomenon occurs in tropical forests, although different species can be involved.
Although understory leaves with a heavy epiphyll cover probably have negative carbon gains (they represent a net energy loss to the plant), these leaves may be retained by the plant because they absorb nitrogen released by the nitrogen-fixing epiphylls (Bentley and Carpenter 1984; Bentley 1987) . Some of the nitrogen released from epiphylls upon rewetting following a drying phase is absorbed by the leaves supporting them (Edmisten and Kline 1968; Bently and Carpenter 1980; Edmisten 1970) , and some contribute significantly to nitrogen flux in throughfall and stem-flow (Edmisten 1970; Coxson 1991) . A diversity of epiphytic bacteria, yeasts, cyanobacteria, and cyanobacteria-containing lichens is involved in fixation of atmospheric nitrogen (Table 5 .1; Whitton 1992), and their nutrient contributions may be significant in some tropical forests. In a study of a Colombian rain forest canopy, cyanobacterial lichens contributed 1 to 8 kg ha -1 of nitrogen to the forest ecosystem each year (Forman 1975) . Sheriden (1991) estimated that epicaulous cyanobacteria in mangrove forests of Guadaloupe, French West Indies, fixed 4.2 kg N ha -1 yr -1 . In a wet forest in Puerto Rico, Edmisten (1970) estimated that nitrogen fixation by epiphylls contributed 0.6 kg N ha -1 yr -1 , and were the most important single source of nitrogen in that forest. Fritz-Sheridan and Portecop (1987) found very high rates of nitrogen fixation in cloud forest epiphylls on the volcano La Soufriere on Guadaloupe, but did not estimate the resulting total nitrogen input to the ecosystem.
In lowland tropical rain forests, epiphytic nitrogen-fting cyanobacteria and cyanobacteri.al lichens are most abundant in the humid understory. (Akinsoji 1991), which suggests that they are sensitive to desiccation or high lighL In Costa Rica, elegant studies by Lucking (1992) showed that forest disturbance altered the assemblages of different leaf-dwelling (foliicolous) lichens. Lichens are damaged by sulfur dioxide air pollution in the tropics, as they are in temperate regions. A reduction or loss of the nitrogen-fixing epiphyte guild could significantly reduce total nitrogen inputa in some forests, but data on the relative importance of this source are needed from a greater diversity of tropical forests to determine if the threat is widespread.
Mycorrhizae and Nutrient Uptake "
Mycorrhizal fungi are symbiotic with plant roots, and improve plant growth and survival in nutrient-poor soils by facilitating the uptake of water and limiting nutrients, especially phosphorus and nitrogen (Bowen 198& Janos 1980 , 1983 Harley and Smith 1983; Table 5 .1). Mycorrhizae can also increase the resistance of plants to root pathogens and improve their tolerance of toxic metals (Harley and Smith 1983). Most tropical plants, including forest trees, form vesicular-arbuscular m ycorrhizae (VAM) with zygomycetous fungi (Janos 1983). Some tropical trees (e.g., Dipterocarpaceae and some species of Leguminoseae (Caesalpinaceae and Papilionaceae), Nyctaginaceae, Myrtaceae, Euphorbiaceae, Polygonaceae, and Proteaceae (Redhead 1980 Janos 1983 Tacon et al. 1989; Thoen 1993) , especially those growing in very nutrient-poor soils or areas with seasonal drought, form ectomycorrhizae with mostly basidiomycete fungi. Another type of sheathing mycorrhiza found on some tropical trees is also formed with basidiomycete fimgi, but the ecological significance of this association has not been studied (Ashford and Allaway 1982, 1985; Lodge 1987a) , Mycorrhizal fimgi are crucial for seedling establishment in orchids, and the net flow of carbohydrates from the fungus to the orchid often continues .+ler the orchid is photosynthetic (HarIey and Smith 1983) . Many plants that lack cldorophfl such as species of Coralorhiza, Bwmania, am.f Wulschlegiella, obtain all of their nourishment from a mycorrhizal fungus (Harley and Smith 1983; Perry 1990) , Mycorrhizal fungi are a possible keystone guild with regard to nutrient cycling and primary productivity in topical forests. There are almost no studies of the relationship between the diversity of mycorrhizal fungi per se and ecosystem processes, but a number of studies suggest that mycorrhizal fungi may be vulnerable to disturbance, and a reduction in their diversity might reduce the rate of forest recovery. In areas where the upper layers of soil, together with its complement of mycorrhizal fungi, has been eroded away, the capacity of the soil to establish and maintain healthy plant populations can be severely limited (Powell 1980) . In Cameroon, West Africa, complete clearance of forest sites before replanting with native species resulted in a 65% reduction in VAM spores; spore populations were less damaged by partial site clearance. The loss of mycorrhizal fungi slows down the reintroduction/regeneration of trees that are obligately mycotrophic (Janos 1983). Spread of VA-mycorrhizal fungi in tropical forests occurs primarily from root-to-root by hyphal growth over distances of millimeters to centimeters because spore production and survival is low (Janos 1983). Although some ectomycorrhizal fungi may colonize more readily than VAM fungi, reintroduced seedlings of dipterocarps in Malaysia often remained uninfected for 6 months or more when not in contact with living mycorrhizal roots in early (within 20 days of germination) stages of growth (Alexander et al. 1992 ).
In Mexico, over-collection due to increased popularity of "wild" edible fungi is reported to cause a significant decrease in sporophore production in forest areas (Villarreal and Perez-Moreno 1989) . Similar declines in Europe were experimentally demonstrated to be caused by trampling rather than removal of the fungal fruiting bodies. The ability of seedlings to colonize beyond the forest edge might become limited by a reduction in sporophores of ectomycorrhizal fungi.
In addition to reducing the overall abundance of mycorrhizal fungi, disturbances have been shown to change species composition in VAM communities. For example, Wilson and Mason (1993) studied a chronosequence of forest plantations in the Ivory Coast and found that the balance of VAM fungal species was still perturbed 23 years following clearance and replanting. The effects of such changes in VAM communities have not been studied in tropical forests, but there are recent suggestions in the temperate literature that a host may not benefit from mycorrhizae formed with an inappropriate fungus. For example, wheat infected by the dominant mycorrhizal fungus from a virgin prairie soil elicited more negative leaf osmotic potentials, which allowed positive turgor pressure to be maintained, but when wheat was infected by the dominant mycorrhizal fungus from a tilled soil there was no similar response to drought stress, resulting in reduced vegetative growth (Miller 1989) . The global diversity of VAM fungi is low, and despite their ability to colonize a wide diversity of trees in tropical forests (Malloch et al. 1980) , the data of Miller (1989) suggest that a loss of diversity of VAM fungi could have a negative effect on primary productivity.
Mycorrhizal fungi may be susceptible to fungicides which are often applied to tropical forests where coffee, cacao, and other intensively managed crops are planted in the understory of native forests, Most studies on the effects of fungicides on ectomycorrhizal fungi have been either in vitro laboratory experiments, to assess their use in fungal identification (Hutchison 1990) , or on conifers in temperate and subtropical nurseries (Tacon et al. 1986; Kelley 1987) . However, Unestam et al. (1990) found that the results of in vitro testing of the effects of five fungicides on four ectomycorrhizal fungi did not closely resemble those from in vivo studies on pot-grown seedlings. We did not find any studies on tropical forest systems.
Many basic questions about the roles of ectomycorrhizal fungal species in tropical forests cannot be answered as yet (Thoen 1993) . Are ectomycorrhizae important for seedling survival? Are different ectomycorrhizal fungi required as the host ages? Sequences of ectomycorrhizal fungi with tree age occur in both temperate and tropical forests (Last et al. 1992) . What is the influence of forest fires on ectomycorrhizal communities? How are ectomycorrhizal fungi dispersed? Early stage ectomycorrhizal fungi are able to colonize seedlings via spores whereas late-tage fungi are not (Deacon and Fleming 1992; Last et al. 1992) , suggesting that spores of latestage fungi may function in gene flow between populations rather than in colonization (Egger 1995). If late stage fungi are required, then ectomycorrhizal trees may not thrive beyond a certain age in deforested areas that have been reforested. Are ectomycorrhizal fungi able to survive disturbance, and if so, for how long? Do ectomycorrhizal fungi decompose litter and transer the nutrients to their host trees? Research to answer these questions will be needed before we can speculate on the potential impacts of a reduction in ectomycorrhizal fungal diversity on ecosystem processes.
Plant Endophytes
Mutualisms between fungi living inside plants (endophytes) and their hosts are called mycophyllas, and are ubiquitous. It has been estimated by M. Dreyfuss that each tropical forest tree has three to four characteristic endophytic fungi (Hawksworth 1991). In a study by Laessøe and Lodge (1994) in Puerto Rico, nine endophytic xylariaceous fungi were isolated from healthy petioles of Scheffera morototoni. Similarly, Rodrigues et al. (1993) found 15 different xylariaceous fungi growing in healthy green leaves of the palm Euterpe oleracea in Amazonas, Brazil. In both studies, however, the identifiable Xylaria species were ones with broad host ranges. Physiological races adapted to specific hosts may have evolved in these widespread endophytic fungi, but this aspect has not been investigated. The role of mycophyllas is unclear, but at least in well-studied cases from the temperate zone, the endophytic fungus produces secondary metabolizes that deter foraging organisms and pests (Clay 1988) : A tropical endophytic Xylaria species was studied in vitro and found to be an aggressive antagonist of the fungus that causes Witches' Broom Disease in Theobroma and Herrania species (BravoVelasquez and Hedger 1988). We cannot speculate on the vulnerability of endophytic fungi or what effect a reduction in their diversity would have on ecosystems without studies on their significance to tropical trees, their host ranges, and their means of dispersal (Lodge and Cantrell 1995).
Threats to the Microbiota and the Processes They Mediate
Threats to microbial diversity in tropical forests include forest fragmentation, loss of hosts caused by logging and other human activities, air pollutants, fungicides, disturbances that alter microclimates and exposure to sunlight, global climatic changes that alter the frequency of rainfall and extreme events such as droughts, and the direct or indirect effects of overexploitation of edible fungi. We can only speculate on what impact a loss of microbial species richness or the loss of an entire functional group would have on tropical forest ecosystems based on the importance of the processes they mediate and their sensitivities to disturbance.
Effects of Forest Fragmentation on Plant Symbioses
Problems of co-dispersal in a fragmented landscape can alter nutrient cycling by threatening plants that depend on root symbioses with nitrogenfixing bacteria and VAM fungi for nutrient transfers across the plantatmosphere and soil-plant interfaces. Forest fragmentation may contribute to extinctions of symbiotic microbes that are host-specific and have poor dispersal abilities, such as some late stage ectomycorrhizal fungi and possibly some plant endophytic fungi. Some evidence suggests that symbiotic VA-mycorrhizal fungi and nitrogen-fixing bacteria are often adapted to a narrow range of environmental conditions, but research in tropical forests will be needed to determine conclusively if disturbances such as deforestation and overgrazing alter the soil environment so drastically that mycorrhizal fungi from the neighboring forests are no longer capable of colonizing and surviving. At least in the case of mycorrhizal fungi, "redundancy" imparts some resilience to perturbations to the ecosystem, as discussed by Perry et al. (1989) . The limited abilities of VAM fungi to disperse on ecological time scales may have evolutionarily favored their ability to associate with many plant species (Janos 1983; Miller 1989) ; simi-larly, nitrogen-fixing bacteria can often form nodules with more than one host plant genotype. Only certain combinations of plant/microbe species or genotypes may benefit the plant, however, so the loss of a particularly effective and efficient microbial symbiont because of environmental changes or lack of codispersal could reduce productivity in trees that are dependent on them. Research is needed to determine if reductions in the abundance of mycorrhizal fungi and the shifts in VA-mycorrhizal fungal species composition that have been observed following disturbance in tropical forests, cause a reduction in host plant productivity or a shift in plant community composition.
Basic research is needed to determine if mycophyllas (mutualism between endophytic fungi and their host plants) have a keystone effect in tropical forest trees, Evidence from the temperate zone suggests that some fungal endophytes produce potent compounds that protect their host from herbivory, but little or nothing is known about the role of these fungi in tropical forests, where they are reputedly abundant. We also do not know the host ranges of these endophytic fungi, or if the variation seen among isolates of what appears to be the same morphospecies, is significant and correlates with host specificity (Lodge and Cantrell 1995) . If the host range of these fungi is truly broad, then, as in the case of nonspecific mycorrhizal fungi, they are more likely to make the ecosystem more resilient to disturbance than if they are adapted to particular hosts. On the other hand, if their host ranges are narrow, then a "reduction" in their host's density may present a special problem in terms of fungal colonization. If tropical mycophyllas play a crucial role in plant defence against herbivory, as they do in temperate systems, and if they are host-restricted, then reduction of host density could lead to loss of the endophytes and subsequent extinction of their host plants (Lodge and Cantrell 1995).
Effects of Forest Fragmentation on Cord-Forming Fungi
Colonies of cord-forming decomposer basidiomycetes can be extensive, and could therefore be affected by forest fragmentation, roads, and trails. Some cord-forming fungi that kill trees can extend over many hectares (Kile 1983; Smith et al, 1992) , are often favored by disturbances such as droughts, selective harvesting, and agroforestry (Edgar et al. 1976; Fagg et al. 1986; Castello et al. 1995) , and are themselves a major cause of forest disturbance (Castello et al. 1995) , Nonpathogenic cord-forming fungi are another potentially keystone guild because they can accelerate the rate of wood decomposition by translocating limiting nutrients over large distances from previous resource bases (Boddy 1993). Typically, wooddecomposer fungal colonies of this type extend up to 10-40 m in temperate and tropical forests (Thompson and Boddy 1983; Dowson et al. 1989a, b; R.G. Bolton and L. Boddy, in Boddy 1993) . Immobilization of nutrients resulting from the activities of wood decomposers in fresh debris can buffer a forest ecosystem from nutrient losses following disturbances, such as logging (Matson and Vitousek 1981) and hurricanes (Zimmerman et al, 1995) , so the removal of wood for fuel, lumber, and other forest products can greatly accelerate nutrient losses by reducing fungal activity. However, cord-forming fungi may reduce primary productivity (Zimmerman et al. 1995) by directly or indirectly limiting the availability of mineral nutrients to trees (Wells and Boddy 1990; Boddy 1993; Lodge 1993; Lodge et al. 1994) .
Effects of Acid Precipitation on Ectomycorrhizae
Acid precipitation is believed to be the cause of mass extinctions of European ectomycorrhizal fungi (Arnolds 1991; Jaenike 1991; Fellner 1993) , so tropical forests may also be at risk from both local and long-distance air pollution sources. However, cause and effect have not yet been incontrovertibly demonstrated. Some of the losses of ectomycorrhizal fungi in Europe may relate to succession of fungal communities with aging of their hosts or development of forest soils rather than acid precipitation. Research is needed to determine if tropical ectomycorrhizal trees require different species of fungi at different ages or in different soils.
Effects of Air Pollution and Climate Change on Epiphyte Nitrogen Fixation
Nitrogen-fixing epiphytes are a group of potentially sensitive microorganisms that may play a keystone role in nutrient cycling in tropical forests. The annual flux of nitrogen fixed by arboreal free-living and lichenized cyanobacteria has been studied at only a few tropical forest sites, but the data suggest that the amounts of nitrogen fixed can be substantial relative to other sources, Because of their direct exposure to the atmosphere, epiphytes are particularly sensitive to changes in humidity, the distribution and amount of precipitation, air pollutants, and increased UV radiation (Galloway 1991; Wolseley and Aguirre-Hudson 1991), Lichens are frequently used as bioindicatiors because of their susceptibility to air pollution, especially sulfur dioxide (Nash and Wirth 1988; Richardson 1987 Richardson , 1992 . There is a sufficient body of pertinent work to demonstrate that effects similar to those documented in temperate regions can be expected in the tropics (e.g., Thrower 1980; Hawksworth and Weng 1990; Galloway 1991), but we know of no studies in natural tropical forests. Loss of these organisms would affect other organisms dependent on them for atmospheric nitrogen-fixation, food, camouflage, or shelter. However, too little is known about the general importance of cyanobacteria in the overall nitrogen budgets of tropical forests, and even less about their susceptibility to stress to generalize.
Are Decomposers Redundant in a Heterogeneous Environment?
In general, a variety of microbial decomposer species with apparently similar biologies can be found in a single ecosystem. It is therefore tempting to speculate that the loss of some of these would have little impact on the functioning of an ecosystem as a whole, provided that a large enough population of at least one species remained to carry out that process for the whole ecosystem. However, we rarely know if the apparently similar functions performed are truly identical. For example, although a range of macrofungi can be involved in the decomposition of a single log, the hypothesis that each might have enzymes capable of breaking different ligno-cellulose bonds cannot be discounted on the basis of the data currently available. Similarly, different macromycetes decompose leaf litter at different depths and levels of breakdown (Hedger 1985) , In addition, host specificity among some groups of fungal decomposers contributes to their high diversity in tropical forest litter (Holler and Cowley 1970; Cornejo et al. 1994; Laessøe and Lodge 1994) and may indicate an ability to tolerate or decompose particular plant-defense compounds (Bharat et al, 1988) , Finally, natural and anthropogenic disturbances in tropical forests create patches that differ in temperature, moisture, and mineral nutrient regimes, and consequently have different communities of decomposer fungi (Hedger 1985; Castillo-Cabello et al. 1994; Lodge and Cantrell 1995) . In the Ivory Coast, soil fungal diversity and ecosystem processes recovered quickly from forest disturbance caused by shifting cultivation (Maggi et al. 1990) , The most important factor controlling fungal diversity and community composition in that study was seasonality of rainfall, but differences among soil types became important in unusually dry years (Maggi et al. 1990 ). Thus, diversity among decomposer fungi may impart some resiliency to spatial and temporal heterogeneity in environments resulting from natural and anthropogenic disturbances.
Conclusions
The minimal attention accorded to microorganisms in tropical forests to date is not proportional to the multiplicity of crucial ecosytem-level processes they mediate. For this reason, it is impossible in most cases to know the extent of functional redundancy among microorganisms, and thus to predict with certainty the impact of a loss of microbial diversity on overall ecosystem processes, or the resisiliency of those processes following disturbance. There are sufficient indications, however, that some functional goups of microorganisms that are sensitive to stress play fundamental roles in ecosystem processes, which justify their further study and the monitoring of the key processes they mediate within conservation programs. In Table 5 .1 we have identified these key processes, the mechanisms, and the groups of microorganisms involved. Keystone species are likely to occur among symbionts that mediate key processes because host specificity may preclude substitutions among species of the same functional group, Examples of potentially keystone mutualistic symbionts include mycorrhizal fungi, nodule-forming nitrogen fixers, arthropod gut microorganisms, and possibly endophytic fungi. Host specificity is also common among pathogens of herbivores, and these parasites may play a keystone role in limiting secondary production. Hostspecific microbial symbionts that are at greatest risk from anthropogenic disturbances are those that lack codispersal with their host and are also slow to disperse on ecological time scales, such as late stage ectomycorrhizal and VAM fungi, modulating bacteria, and actinomycetes.
Irrespective of their specificity for particular hosts, certain keystone fungi pathogenic to trees can directly influence primary production and the structure of tropical forests by causing gaps. The most severe examples of this type were aggravated by anthropogenic disturbances or initiated by human introductions. Tropical forests with a low diversity of tree species or genera (e.g., palm and eucalypt forests) are at greater risk than those with a higher diversity of tree taxa. Plant pathogens can have more subtle, indirect effects on ecosystem-level processes, such as decomposition and nutrient cycling, by changing the distribution and dispersion of tree species, and increasing the prevalence of secondary plant defense compounds.
Some ecosytem-level processes are vulnerable to disturbances in tropical forests because the functional group of microorganisms involved or the processes they mediate are confined to the same narrow environment or are sensitive to the same stresses. For example, although a moderate number of microbial species is involved in production and consumption of various trace gases (e.g., denitrifiers, methanogens, and methane consumers), these functional groups or the processes they mediate are sensitive to environmental changes and substrate availability. Arboreal autotrophic and heterotrophic nitrogen fixers are especially vulnerable to air pollutants because they are exposed directly to the atmosphere and they are adapted to scavenging nutrients from the air and rain. This group may play a keystone function in some tropical forests, where they are the greatest source of mineral nitrogen,
The processes that might be least vulnerable to losses of microbial species are those in which considerable numbers of microorganisms are involved, including decomposition and nutrient mineralization, nitrification, and the maintenance of soil structure. Although we may classify microorganisms as belonging to the same functional group (Table 5 .1), many members of a group cannot replace another species, and they are therefore not truly redundant, because they occupy different niches as defined by their host preferences or tolerance of drought, rewetting, anoxia, high temperatures, low nutrients, high salts, or secondary plant compounds and humic acids. Thus, some of the diversity within large functional groups, such as decomposers, is required for maintenance of ecosystem processes in the heterogeneous environments of tropical forests, and their diversity becomes more important when those ecosystems are subjected to stress (Lodge and Cantrell 1995) .
Most attention has been given to what effect the loss of microbial diversity would have on a given ecosystem process, but the introduction of a novel fictional group to an insular ecosystem can also be devastating. The introduction of a plant with its nitrogen-fixing actinomycete root symbiont to Hawaii, where no such associations had previously existed, has changed forest community composition, forest structure, and nitrogen cycling (Vitousek and Walker 1989; Vitousek 1990) .
The functional processes that merit the most attention in the future are those uniquely or predominantly mediated by microorganisms and on which other organisms ultimately depend. Use of morphological, cultural, chemical, and molecular traits may be useful in assessing microbial diversity because naming all of the microorganisms within functional groups may be impractical, faced with so many undescribed species and limited human and financial resources (Hawksworth and Ritchie 1993), Given the situation, it is important for the few microbiologists working in the tropics to identify and prioritize research needs. Although a discussion on the selection of these priorities falls outside the scope of this chapter, and is considered elsewhere (Hawksworth and Ritchie 1993), we encourage bacteriologists and mycologists to collaborate with tropical ecologists so that more comprehensive data sets can be accumulated for particular sites, including measurable parameters of functional attributes such as rates of nitrification, denitrification and decomposition (Hawksworth and Colwell 1992) . Only in this way will a more quantitative and objective assessment of the role of microbial diversity in ecosystem function eventually be realized.
